Objective: To analyse whether high dietary energy density (DED) is associated with increased fat mass and risk of excess adiposity in free-living children. Design: Longitudinal, observational cohort study. Subjects: Six hundred and eighty-two healthy children from the Avon Longitudinal Study of Parents and Children. Measurements: Diet was assessed at age 5 and 7 years using 3-day diet diaries, and DED (kJ g À1 ) was calculated excluding drinks. Fat mass was estimated at age 9 years using Dual-Energy X-ray Absorptiometry. To adjust for body size, fat mass index (FMI) was calculated by dividing fat mass (kg) by height (m 5.8 ). Excess adiposity was defined as the top quintile of logFMI. Results: Mean DED at age 5 years was higher among children with excess adiposity at age 9 years compared to the remaining sample (8.870.16 vs 8.570.07 kJ g À1 ), but there was no evidence of an association with excess adiposity at age 9 years (odds ratio (OR) ¼ 1.14, 95% confidence interval (CI) 0.90-1.44) after controlling for potential confounders. Mean DED at age 7 years was higher among children with excess adiposity compared to the remaining sample (9.170.12 vs 8.870.06 kJ g À1 ) and a 1 kJ g À1 rise in DED increased the odds of excess adiposity at 9 years by 36% (OR ¼ 1.36, 95% CI 1.09-1.69) after controlling for potential confounders. Conclusion: Higher DED at age 7 years, but not age 5 years, is a risk factor for excess adiposity at age 9 years, perhaps reflecting deterioration in the ability to compensate for extra calories in an energy-dense diet. DED tracks strongly from age 5 to 7 years suggesting intervention to alter dietary habits need to commence at younger ages to prevent the formation of preferences for energy dense foods.
Introduction
Overweight and obesity among English children has trebled in the last 30 years and currently affects 27% of children under age 11 years in the UK. 1, 2 This is a concern because there are serious consequences to excess weight in childhood in both the short and long term. 3 Overweight and obesity result from a combination of genetic, behavioural and environmental influences on metabolism, diet and activity. Features of the modern environment such as energy dense foods and sedentary lifestyles are often highlighted as important causal factors. 4, 5 Although specific risk factors for weight gain have been implicated in cross-sectional studies, few are supported by robust evidence from longitudinal studies. 6 The World Health Organization has identified the consumption of energy dense foods as one of the major dietary causes of the obesity epidemic. 7 This conclusion is based on a number of well-controlled short-term feeding experiments among adults, which have shown that the amount of food consumed is unrelated to its energy content meaning that consumption of energy dense food is associated with higher energy intakes (EIs), a phenomenon described as passive over-consumption. 8 Analyses in free-living populations are inconclusive. Of ten cross-sectional observational studies of free-living adults, five have reported evidence of a positive relationship between dietary energy density (DED) and body mass index (BMI) or overweight status, [9] [10] [11] [12] [13] four studies found no evidence of an association with BMI or % body fat [14] [15] [16] [17] and one study found both a positive and negative difference in DED between lean and obese adults depending on how DED was calculated. 18 In addition, the only longitudinal analysis of DED and subsequent weight change over 5 years in adults showed no evidence of an association in the general population. 19 To date, there has been no prospective analysis of the effect of energy-dense diets on subsequent fatness or weight status in a population of free-living children. The aim of this study is to test the hypothesis that high DED at age 5 and 7 years is associated with increased fat mass or excess adiposity among 9-year-old children in the Avon Longitudinal Study of Parents and Children (ALSPAC). Importantly, we considered the effect of potential confounding factors such as misreporting of EI, dietary fat and fibre intake, overweight status at baseline, TV watching, socioeconomic status and parental overweight status.
Methods

Sample
Data from ALSPAC, a prospective cohort study, set up in 1991, to assess all aspects of pregnancy, infancy, and childhood growth and development, was used. A detailed account of study methodology can be found elsewhere. 20 Briefly, all pregnant women in Avon with an expected date of delivery between 1 April 1991 and 31 December 1992 were eligible for recruitment. A total of 14 541 pregnant women were enrolled in the study and 13 988 babies were born and still alive at 1 year of age. Extensive data have been collected on the parents and their children primarily using questionnaires alongside medical records, biological samples and clinical data. Children in Focus is a random sub-sample of 1432 children selected for regular clinical assessments from births in the cohort that occurred in the last 6 months of recruitment. For this analysis, we have used data on diet at age 5 and 7 years and body composition at age 9 years. Complete data on diet and body composition were available for 521 (36%) children at age 5 and 9 years, 682 (48%) at 7 and 9 years, and 509 (36%) children had data on diet at 5 and 7 years as well as body composition at age 9 years. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research. Parents provided informed written consent for their child and the study was approved by the ALSPAC Law and Ethics Committee and Local Research Ethics Committees.
Dietary data
Dietary data were collected at age 5.2 years (s.d. 0.06) and 7.4 years (s.d. 0.12 years) using 3-day unweighed diet diaries. Parents completed the diary on behalf of the child before bringing it to the clinic. In written instructions, diet recordings were requested to cover 2 weekdays and 1 weekend day. Parents were instructed to speak to teachers or carers regarding meals taken away from home. Parents were directed to estimate portion sizes using household measures and a short questionnaire clarifying more difficult foods, such as type of margarine used, was completed by parents. Diet coding was performed using DIDO software, 21 and nutrient data were generated with an in-house programme using food composition information from the 5th edition of McCance and Widdowson's Food Tables and  Supplements. 22 Portion sizes were coded using household measures and when these were missing a standard age 5-or 7-year-old child's portion size was used based on data from the 1997 UK National Diet and Nutrition Survey. 23 DED (kJ g
À1
) was calculated by dividing total food energy (kJ) by total food weight (g). Drinks were excluded because their high water content can disproportionately contribute to the overall energy density values and have been shown to dilute associations with health outcomes. 10 ) from all drinks was calculated at each age and used as a covariate.
Misreporting of EI was estimated using an individualized method by calculating the ratio of reported EI to estimated energy requirements (EERs). 25 . Parental socioeconomic information (occupation and education) and pre-pregnancy heights and weights were self-reported via questionnaires sent to the mother at 32 weeks gestation.
Statistical analyses
Variables were described using mean and standard error of the mean or median and inter quartile range when their distribution was skewed. Intra-class correlation coefficients (ICC) were calculated to measure the degree of tracking in DED and EI/EER within children from age 5 to 7 years. Pearson's correlation coefficient was computed to assess the relationship between logFMI and DED. Multiple logistic regression analysis was used to model the determinants of excess adiposity at 9 years. DED (kJ g À1 ) at age 5 and 7 years were the primary exposures of interest. Unadjusted and adjusted analyses were conducted. Potential confounders were child-related variables including anthropometrics and overweight status at baseline (age 5 or 7 years), diet (total EI, % EI from fat, fibre intake and EI from drinks), TV watching (o1 h day
), misreporting of energy intake status (under reporter; plausible reporter; over reporter); and parent-related variables including BMI (kg m À2 ), social class by education. The model was initially adjusted for the effect of dietary variables and then further models included all potential confounders. The odds of having excess adiposity were calculated in comparison to the reference group of lean children. Univariable analyses were repeated in those with complete data on diet, body composition and all confounders at age 5 and 7 years (n ¼ 459 and 584), in order to check that changes in effect size were a result of inclusion of confounders rather than a reduction in sample size. Each model was also rerun, without misreporting status included, for children with plausible reports of EI in order to compare the two methods of controlling for misreporting, that is by adding misreporting status to the model vs sample restriction to those children with plausible reports. All analyses were completed using SPSS version 11.0.
Results
There was no correlation between logFMI at age 9 years and DED at either age 5 or 7 years (r ¼ 0.01 and 0.04). However, mean DED at age 5 and 7 years was slightly higher among children with excess adiposity at age 9 years compared with those in the remaining sample (Table 1 ). There were no differences in other dietary variables at age 5 or 7 years by adiposity status at age 9 years including total EI, fat, carbohydrate, protein, fibre (non-starch polysaccharides) or EI from drinks ( Table 1) .
Tracking of DED between age 5 and 7 years was strong (ICC ¼ 0.62, 95% CI 0.55-0.68), indicating that in general those with higher DED at age 5 also had a higher DED at age 7 years. There was no evidence of an association between DED and total EI at age 5 years (r ¼ 0.03). There was evidence of a weak correlation between DED and EI at age 7 years (r ¼ 0.15), suggesting that diets with a higher energy density at age 7 are associated with a small increase EI. Total fat and fibre intake were also correlated with DED; an increase in fat intake was associated with a rise in DED at age 5 and 7 years (r ¼ 0.27 and 0.31), whereas a higher intake of fibre accompanied a fall in DED (r ¼ À0.34 at both ages).
At age 5 years, 72% of children had plausible reports of EI compared to 76% of children defined as plausible reporters at age 7 years. There was evidence of tracking of EI/EER between age 5 and 7 years (ICC ¼ 0.41, 95% CI 0.34-0.48), indicating that in general those under reporting EI (low Table 2 . Children with excess adiposity had higher FMI (by definition) and also higher BMI and weight at age 5, 7 and 9 years. Of children with excess adiposity at age 9, 75% were also defined as overweight by BMI at age 9 years. Only half of children with excess adiposity at age 9 were classified as overweight by BMI at age 5 or 7 years. Both maternal and paternal BMI were greater in the excess adiposity group, which meant that a greater proportion of children with excess adiposity at age 9 years had two overweight parents compared to lean children (30 vs 12%). A lower proportion of children with excess adiposity had degree-educated mothers compared to those children in the remaining sample (10 vs 20%), there was no evidence of a similar association with paternal education (data not shown). FMI increased with higher levels of TV watching from 0.99 (0.92-1.06) kg m À5.8 (geometric mean Figure 1 Prevalence of overweight (including obesity) status (by body mass index) at age 5 or 7 years among those defined as under reporters (UR), plausible reporters (PR) and over reporters (OR) of energy intake at age 5 or 7 years. , Overweight; , Lean. There was no evidence of an association between DED at age 5 years and excess adiposity at age 9 years. At age 7 years, DED was associated with excess adiposity at age 9 years (Table 3 ). The odds of excess adiposity increased after controlling for misreporting of EI (model 2, Table 3 ). However, there was no statistical evidence of an interaction between DED and misreporting status (P ¼ 0.701). The OR changed little after the addition of potential dietary confounders to the model, indicating that total energy, dietary fat, dietary fibre and EI from drinks did not explain the relationship between DED and weight status. In the fully adjusted model, an increase in DED of 1 kJ g À1 at age 7 years increased the odds of excess adiposity 2 years later by 36%. When the sample was restricted to children with plausible reports of EI only and the unadjusted model was repeated, the OR was 10% larger than in the whole sample; however, in the fully adjusted model, the OR was similar to the wholesample result (Table 4) . The impact of missing data was analysed (data not shown). Children who attended clinics were more likely to come from more affluent or better-educated families compared to those who did not attend. However, there were no differences in dietary and anthropometric variables between children who attended clinics at age 5, 7 and 9 years who also had complete data for all confounders and those without these data, indicating that data on confounders were missing completely at random rather than systematically.
Discussion
Our findings indicate that DED is not linearly related to fatness in children; however, diets with a higher than average energy density consumed at age 7 years do contribute to the risk of excess adiposity at age 9 years. Increasing DED by 1 kJ g À1 raises the risk of excess adiposity 2 years later by 36%, even after controlling for misreporting of EI, dietary factors, maternal education, maternal BMI, gender, overweight status at baseline and TV watching. Our study is the first longitudinal analysis of energy density and fatness in children and these results are an important addition to our understanding of the dietary determinants of obesity. To date, there has been only one longitudinal analysis of the relationship between energy density and subsequent weight gain in a free-living population, which found no evidence to support an effect in the general adult population. 19 However, any effect of DED on weight gain may have been diluted because DED was calculated including drinks and the analysis did not consider the impact of misreporting of EI. Abbreviations: BMI, body mass index; CI, confidence interval; DED, dietary energy density. *Odds ratios are significant (Po0.05) when the 95% CI does not span 1. 1 Unadjusted model for all children with data on diet and body composition.
1a Unadjusted model for children with complete data on diet, body composition and confounders. 2 Model adjusted for misreporting status. 3 Model adjusted for misreporting status, total EI (kJ day À1 ), EI from drinks (kJ day À1 ), dietary fat intake (g day
À1
) and dietary fibre (g day À1 ). 4 Model adjusted for sex, misreporting status, total EI (kJ day À1 ), EI from drinks (kJ day À1 ), dietary fat intake (g day À1 ), dietary fibre (g day À1 ), maternal BMI, maternal education (five categories), overweight status (by BMI) at baseline and TV watching at 54 months (o1 h day À1 , 1-2 h day À1 or 42 h day À1 ). Abbreviations: BMI, body mass index; CI, confidence interval; DED, dietary energy density; EI, energy intake. *Odds ratios are significant (Po0.05) when the 95% CI does not span 1. 1 Unadjusted model for all children with data on diet and body composition.
1a Unadjusted model for children with complete data on diet, body composition and confounders. 2 Model adjusted for total EI (kJ day À1 ), EI from drinks (kJ day
), dietary fat intake (g day À1 ) and dietary fibre (g day À1 ). 3 Model adjusted for sex, total EI (kJ day À1 ), EI from drinks (kJ day À1 ), dietary fat intake (g day À1 ), dietary fibre (g day
), maternal BMI, maternal education (five categories), overweight status (by BMI) at baseline and TV watching at 54 months (o1 h day À1 , 1-2 h day À1 or 42 h day À1 ).
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It is widely recognized that dietary data are susceptible to reporting errors and this study relied on dietary records kept by untrained parents about their children, hence these errors maybe more likely to occur. In most dietary surveys, EI is biased towards under-reporting and this phenomenon is more common in overweight adults and children. 30 Indirect evidence suggests that there may be specific effects of underreporting on estimated DED since snacks are more likely to be 'missed out' of a diet record and are also more energy dense than foods consumed during meals. 31, 32 The correlations observed in ALSPAC show that EIs of fatter children are more likely to be under-reported and at the same time underreported diets have a lower energy density, which has also been observed elsewhere. 33 It is reasonable to conclude from this that parents of children with excess adiposity are more likely to selectively misreport energy dense foods. In this scenario, misreporting, if ignored, may mask the relationship between DED and excess adiposity. This effect was revealed by the increase in the OR from 1.23 to 1.36 when misreporting status was added to the regression model. Controlling for misreporting of EI, either by adding misreporting status to the model or restricting the analysis to plausible reports of EI only, enhances the effect size of DED on the risk of being overweight by at least 13% (Tables 3 and 4) . However, the similarity of the ORs obtained by both methods of controlling for misreporting suggests that adding misreporting status to the model is a much better way of controlling for misreporting of EI because the same result is achieved but a larger sample size is maintained. Highly controlled laboratory feeding studies have shown that adults consume more energy, which leads to short-term weight gain, when the foods offered have a higher energy density compared to similar items with a lower energy density. 8, 34 It is unclear whether these effects on short-term weight gain can be extrapolated to long-term weight changes in the general population, since compensatory changes may occur to maintain energy balance through reductions in portion size. There have been no similar laboratory-based studies of the effect of energy density on EI and weight gain in children. However, comparison of energy compensation in children and adults showed that 95% of children reduced their EI in response to a high-energy preload compared to just 60% of adults, 35 indicating that the response to manipulations of energy density may differ for younger people. Most short-term feeding experiments among children, in which ad libitum EI is measured following preloads of varying energy density, have shown that partial energy compensation occurs in response to increasing the energy density of foods. 35, 36 Although compensation for extra calories is incomplete, a continual exposure to a high DED may have a cumulative effect on EI and weight over the long term.
The present analysis has shown that increased DED at age 7 years, but not at age 5 years, raises the risk of excess adiposity at age 9 years. The effect observed for age 7 years diet vs age 5 years diet may reflect the shorter duration between measurement and follow-up. Analysis of DED at age 5 years in relation to overweight (defined by BMI) at age 7 years, which represents a similar duration of follow-up and outcome, did not show any relationship (data not shown) suggesting that follow-up duration may not be the issue. Another explanation for this difference in effect of diet on fatness by age may be that excess adiposity at age 9 years represents the cumulative exposure of high DED at both 5 and 7 years of age, so that high DED at age 5 years alone may not be a specific risk factor. Analysis of the interaction between DED at 5 years and 7 years in relation to excess adiposity at 9 years, which represents the effect of a cumulative exposure to high DED throughout childhood on fatness, showed no evidence of an association (data not shown). However, this may reflect a lack of power to detect an interaction effect in this sample and may be worth investigating further in larger samples. Alternatively, the impact of DED on fat mass may only emerge from age 7 years because control of EI declines through childhood as environmental, social and cultural cues for eating take over. Experimental studies have shown that younger children exhibit better compensation for EI, perhaps reflecting greater precision in innate appetite control mechanisms. [37] [38] [39] Future analyses should consider whether the magnitude of the effect continues to increase, as children get older. It is important to note that the present analysis has shown evidence of strong tracking of DED signifying that dietary behaviours formed early are maintained through childhood, perhaps reflecting learned preferences for energy dense foods through repeated exposure. 40 This suggests that dietary interventions to change dietary habits may need to commence at younger ages before food preferences are set. In common with many other surveys there was no relationship observed between EI and risk of excess adiposity in this sample. This illustrates the complexity of the relationship between energy density, EI and weight gain. The absolute level at which EI becomes excessive and leads to energy imbalance is determined not only by body size but also by activity levels. It is not inevitable that children with high absolute EI will gain weight if their energy expenditure is also elevated owing to increased physical activity. However if high EI is combined with little physical activity then a positive energy imbalance may be more likely to occur. Watching TV has been shown to be a risk factor for overweight in children, 5, [41] [42] [43] and the consumption of energy dense foods is greater among children who watch TV the most. [44] [45] [46] In ALSPAC, there was a positive relationship between the amount of TV viewing and DED, but there was no evidence of a relationship between TV watching and excess adiposity at age 9 years. The addition of TV watching to the model predicting excess adiposity from DED made no difference to the odds ratio indicating that there was no interaction. This may be because TV watching at age 4 1 2 years is not a good reflection of TV watching at age 7, which is when diet information was collected. A limitation of this study is the lack of data on physical activity; future studies should incorporate data on both diet and activity behaviours Dietary energy density and fat mass in children L Johnson et al collected simultaneously to further investigate the relationship between DED, activity and fatness.
There are several strengths to this study. The data analysed come from a large population-based cohort, which has been followed prospectively for 9 years with detailed records of food intake and good measures of a range of potential confounders. As with all observational studies, it is possible that the association between DED and excess adiposity was the result of some unmeasured confounding factor. A weakness of the study is that full dietary and body composition data were available for only 36% of the original Children in Focus sample. However, analysis of anthropometrics and dietary data among children with incomplete data showed no difference compared to those with complete data. Previous work has also shown that the diet observed in this cohort is comparable to that observed in nationally representative samples of young UK children, 47 as was the observed prevalence of overweight. 1 Importantly the definition of excess adiposity was based on an objective measure of fat mass rather than BMI, which can be misleading at the individual level. This study suggests that DED at age 7, but not age 5 years, is a significant determinant of excess adiposity in 9-year-old children. Importantly it shows that DED tracks from 5 to 7 years, suggesting that interventions to modify dietary risk factors for obesity need to commence early in life since established dietary habits are resistant to change.
